Introduction
Tree growth at high-latitude and high-elevation sites is mainly limited by low summer temperatures. Tree-ring width (TRW) series from such sites have therefore been used to reconstruct temperature changes over different spatio-temporal scales (Fritts 1976 , Esper et al. 2016 . However, forest natural disturbances, such as wildfires, windstorms and geomorphological events and processes, as well as biotic attacks, such as insect outbreaks and fungal diseases, may also influence tree growth (Schweingruber 1988) . European larch (Larix decidua Mill.) is one of the most commonly used species for dendroclimatic reconstructions in the Alps (Büntgen et al. 2005 , 2011 , Corona et al. 2010 , although larch tree-ring patterns are affected by cyclic outbreaks of the larch bud moth (Zeiraphera diniana Gn., LBM hereafter -Weber 1997, Baltensweiler & Rubli 1999 , Esper et al. 2007 , Büntgen et al. 2009 ). The spatio-temporal identification of past LBM outbreaks is necessary to interpret the climatic signal of tree-ring chronologies.
The LBM, a moth belonging to Lepidoptera and characterized by periodic cyclic population fluctuations (Dormont et al. 2006) , has been studied since the early 1960s in the Engadin valley (Switzerland), and reports of outbreaks in several Alpine areas date back to 1815 (Baltensweiler & Rubli 1999) . LBM population cycles are driven by trophic and non-trophic factors, such as host-parasite interactions, food quality, maternal effect, population density and climate (Baltensweiler 1993 , Ginzburg & Taneyhill 1994 , Berryman 1996 , Turchin et al. 2003 . The diet of LBM larvae is based on the raw fiber and protein in new larch foliage (Baltensweiler & Fischlin 1988 , Berryman 1996 , Turchin et al. 2003 . The first effect of larvae feeding is defoliation. In the following two to three years, reduced needle length and a lower nitrogen content are typically observed (Baltensweiler et al. 2008) . The decrease in crown mass reduces photosynthetic rates, and the related lower carbohydrate production and accumulation decrease TRW and maximum latewood density, leaving a typical fingerprint in the tree-ring series (Baltensweiler et al. 2008) . LBM population dynamics are influenced by site characteristics, and a clear periodicity of outbreaks every 8-10 years is typically observed within the LBM optimum elevation belt between 1700 and 2000 m a.s.l. (Baltensweiler & Rubli 1999 , Johnson et al. 2010 ). In the French Alps, the history of LBM outbreaks from 1750 to 1994 was reconstructed (Rolland et al. 2001 ) and compared with climate (Saulnier et al. 2017 ) and land use changes (Battipaglia et al. 2014) . Tree-ring analyses conducted at the border between the Italian and French Alps were used to reconstruct LBM outbreaks that occurred from 1760 to 1999 (Nola et al. 2006) , and in the Löt-schental, Switzerland, a 1200-year tree-ring density chronology was used to reconstruct LBM outbreaks well back into medieval times (Esper et al. 2007) .
While the presence of LBM was found to be synchronous at the valley scale, a wave pattern from west to east with a calculated velocity of 219.8 km · year -1 along the Alpine arc was described (Bjørnstad et al. 2002 , Johnson et al. 2004 , 2010 . Temporal and spatial data are essential to understand the dynamics of the LBM populations and to develop outbreak wave models. However, in some regions, such as the Central Italian Alps, LBM data from before 1964 are generally lacking (Baltensweiler & Rubli 1999) .
Here, we develop four new TRW chronologies from high-elevation sites in the Central Italian Alps and use statistical approaches to analyze them in order to highlight the years characterized by anomalous growth. The aim is to reconstruct LBM outbreaks that occurred in this area in the past centuries, thus contributing to knowledge of the LBM cycle at locations above the ecological optimum elevation.
Materials and methods

Study area and sampling design
The study area is located in the Central Italian Alps, in the Adamello-Presanella and Ortles-Cevedale groups of the Central Italian Alps (46° 05′ 19″ N, 10° 22′ 45″ E). Where geomorphological processes enable the development of soils, associations of podzols, histosols and umbrisols, or of umbrisols, cambisols and podzols, were found depending on the slope aspect (Galvan et al. 2008) .
The climate of the study area is inneralpine, with cold winters and temperate summers. The mean annual temperature of 0 °C is found at 2540 m a.s.l. Baroni et al. (2004) calculated a mean vertical temperature gradient of 0.59 °C / 100 m elevation. The total amount of precipitation in the area spans from 810 mm to 1504 mm and is positively correlated with elevation and negatively correlated with latitude (Baroni et al. 2004 (Baroni et al. 2007 , Coppola et al. 2013 , Cerrato et al. 2018 , 2019 .
A total of 105 larch trees were sampled in four different valleys: "Val di Barco" (BARC hereafter) and "Val Palù di Vermiglio" (PALP) on the northern part of the Adamello-Presanella massif, "Val di Fumo" (FUMO) on the southern part of the same massif, and "Val Comasine" (ANBO) on the southern part of the Ortles-Cevedale group (Fig. 1 ). All valleys are N-S oriented. Two cores (five mm in diameter) were collected from each individual using an increment borer (Haglöf, Sweden). All trees were cored at breast height, perpendicular to the slope direction, to minimize the occurrence of reaction wood in the samples (Schweingruber 1988) . Trees showing scars caused by mechanical disturbances, such as debris flows and avalanches, or other injuries were avoided.
Sample preparation and chronology development
The cores were sanded with progressively finer sand paper (P80, P150, P240, P400, P800 and P2000) to highlight the annual ring boundaries. TRW was measured using a sliding table (LINTAB™ mod. 3, RIN-NTECH ® , Heidelberg, Germany), with a resolution of 0.01 mm, and TSAPWin Scientific 4.69h software (RINNTECH ® ). The individual TRW series were then visually compared and cross-dated, also against a published larch reference chronology (Bebber 1990 ). The visual cross-dating was additionally verified using the COFECHA program (Grissino-Mayer 2001) and the "dplR" package in R (Bunn 2010 , R Core Team 2019 .
The raw TRW series were power transformed in order to attenuate the variance, and standardized indexes were then calculated as a ratio using a cubic smoothing spline with a 50% frequency cut-off at 32 years (Cook & Kairiûkštis 1990) . Four site standard chronologies were formed as a biweighted mean of standard index series, and residual chronologies were formed using pre-whitening. These splines enabled the removal of medium and low frequencies due to age and long-term climatic trends while preserving the signal related to the pattern of LBM outbreaks, which was characterized by high-frequency rapid growth variations (Cook & Kairiûkštis 1990) . Owing to the uneven sample depth, the analyses were performed on the portion of the chronology that presented an Expressed Population Signal (EPS) value higher than 0.85 (Wigley et al. 1984 , Cook & Kairiûkštis 1990 .
Identification of pointer years
The years for which a group of well crossdated tree-ring series indicated the occurrence of an event year, i.e., when a particularly narrow or large ring was formed, were identified as pointer years (PYs -Schweingruber et al. 1990) . The pointer year analysis was conducted using five methods described below, and only those years identified by at least two methods were considered as PYs and thus evaluated as possible LBM outbreaks.
(1) Be94: the TRW raw series were tested with the method proposed by (Becker et al. 1994) . The mean sensitivity (Fritts 1976) of each series was multiplied by 0.85 (ap-
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Historical larch budmoth outbreaks in the Italian Alps proximately equal to the lowest twentieth percentile) and used as the threshold for the mean growth variation. In each series a year was identified as PY if its growth variation is greater than the calculated threshold. A year was identified as PY if at least 75% of the series present a significant growth variation.
(2) HS96: all TRW standard series and the four standard chronologies were compared with a Norway spruce (Picea abies [L.] Karst.) chronology, following the methods I and IV described in Büntgen et al. (2009 -Swetnam & Lynch 1993 , Bigler 1999 , Rolland et al. 2001 . To avoid a sensitivity bias , we used Norway spruce series from a forest stand located in Switzerland, about 100 km north-westerly from the sampling stands (Bigler 1999) , rather than the Swiss stone pine series of a nearby valley (Cerrato et al. 2019) . A 313 years long Norway spruce chronology was developed applying the same standardization applied to larch series. The obtained Norway spruce chronology, resulted sensitive to June-August mean summer temperatures as well as the larches in the study area (Cerrato et al. 2018) , differently from the Swiss stone pine that shows a sensitivity to the MaySeptember mean temperatures (Cerrato et al. 2019) .
(3) No06: PYs were highlighted using the ring-width standard indexes (RWI), the RWI mean and the RWI standard deviation. PYs were identified as those years that satisfied both of the following conditions: (i) the RWI was lower than the RWI mean minus the RWI standard deviation multiplied by 0.85; and (ii) the RWI was lower than 0.6 of the RWI of the previous year (Nola et al. 2006) .
(4) Ne07: the TRW raw series were filtered with a 13-year-long low-pass filter and then analyzed for PYs according to Schweingruber et al. (1990) and Neuwirth et al. (2007) using the function "pointer.norm" of the "pointRes" package in R (Van Der Maaten-Theunissen et al. 2015) . Following methods from Neuwirth et al. (2007) , standard deviation thresholds were set to 1.000, 1.280 and 1.645 to identify weak, strong and extreme events. The window of analysis was set to seven years and the number of series threshold was set to 75%.
(5) Ce19: site-specific calculated temperature anomalies (Brunetti et al. 2012 (Brunetti et al. , 2014 were used to identify potential PYs. Moreover, the years that present mean summer temperature anomalies (June to August) below 1.28, 1.64 and 2.32 standard deviation thresholds (corresponding to the lowest 10 th , 5 th and 1 st percentile) were considered particularly cold and thus as cause of climatically induced PYs. The climatic sensitivity of the standardized series and TRW chronologies was verified, and only those series showing a correlation index r > 0.224 with summer temperature were considered. The series were regressed using indexes calculated with the temperature series from the summer month that showed the highest correlation value and then subtracted from the temperature series. The standard deviation of the differences was calculated for each series and chronology. Years that included at least 25% of the series or a chronology difference value lower than the standard deviation multiplied by 1.96 were identified as PYs.
The analyses were performed for the years between 1774 and 1999, the maximum time interval covered by all the datasets.
To assess the presence of a cyclical function that could be ascribed to recurrent LBM outbreaks, wavelet analysis was conducted on the TRW standard chronologies using the "morlet" function of the "dplR" package. The spectra were analyzed considering the period between 2 0 and 2 8 , using a significance level of 0.95.
Results
Four larch chronologies from high-elevation sites were developed and analyzed (Fig. 2, Tab. 1) . The descriptive statistics of each of the mean standard chronologies are reported in Tab The performed analyses enabled the identification of 116 PYs between 1774 and 1999. Of these, 36 years were highlighted by at least two methods and thus investigated as years in which an LBM outbreak could have taken place. The largest number of potential LBM outbreaks was reported for ANBO, with 23 occurrences, followed by FUMO (21), BARC (19) and PALP (18 - Fig. 3 ). Moreover, of the 36 highlighted years characterized by a potential LBM outbreak, 25 occurred synchronously in more than one chronology (Tab. 3). Ten of the synchronous PYs were highlighted in two different chronologies, ten in three chronologies and five (1813, 1821, 1830, 1843, 1926) in all the analyzed chronologies (Fig. 3, Tab. 3) . Of the non-synchronous PYs, most were identified in equal number in BARC and FUMO (four out of 11), while two came from ANBO and one from PALP (Tab. 3).
All the chronologies showed similar results from the wavelet analysis, with a significant return period of approximately 9-years occurring around the middle 20 th ceniForest 12: 289-296 291
Tab. 1 -Characteristics of the four investigated sites. 
Historical larch budmoth outbreaks in the Italian Alps
tury. On the same time span, a secondary peak significant at 95% was observed in BARC and FUMO on a period around 20-years. Considering the first half of the 19 th century, ANBO, BARC and PALP report a significant peak on a return period around 20-years whereas FUMO showed a significant peak around a period of 13-years (Fig.  4) . Despite these peaks constrained in time, the only chronology showing a period whose mean presented values above the significant threshold of 95% was BARC.
In fact, two main peaks representing the mean of a 9-years and 20-years periods were identifiable, though they were due more likely to particular high values in the recent portion of the chronology than to the general high values along all the iForest 12: 289-296 293
Tab. 3 -Pointer years (PYs) identified with at least two methods in each valley. Daggered ( †) values identify years classified as PYs in only one valley; starred (*) values identify climatic induced PYs according to meteorological data (Brunetti et al. 2012 (Brunetti et al. , 2014 , the letter that follow the star (a, b, c) identifies the significant level of the temperature anomalies outliers (90%, 95% and 99% respectively); double daggered ( ‡) values identify climatically induced PYs in Western Alps (Rolland et al. 2001) . Values between round brackets identify the number of PYs not climatically induced. chronology (Fig. 4) . The results from the wavelet analysis are in good accordance with the statistical output from each chronology, highlighting a general lack of a regular cyclicity in time, cyclicity that is not inferable neither from the analysis of the PYs alone.
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Discussion
In this study, five different statistical approaches were applied to identify LBM outbreaks in four high-elevation larch chronologies from the Central Italian Alps between 1774 and 1999, the maximum timespan covered by all the involved datasets. The different statistical methods highlight different properties of the analyzed series, resulting in heterogeneous results depending on the parameters considered (Jetschke et al. 2019) . This indicates that it is necessary to use several methods to identify LBM outbreaks with accuracy, as demonstrated in a previous study (Büntgen et al. 2009 ).
The statistical approaches Be94 (Becker et al. 1994 ), HS96 (Swetnam & Lynch 1993 , Holmes & Swetnam 1996 and No06 (Nola et al. 2006 ) provided a larger number of PYs than Ne07 (Neuwirth et al. 2007 ) and Ce19 (this study). However, there is no specific threshold or method that can be used to identify LBM outbreaks definitively, even when a non-host chronology is used as a reference (Nola et al. 2006) . In fact, different species could be characterized by different response to the same climatic conditions . Larch and spruce in the study area are known to have a similar response to climate , Büntgen et al. 2006 , Coppola et al. 2013 . Although both spruce and larch chronologies showed a strong correlation with June temperature (up to r̄ = 0.40) and in general with June-August mean summer temperature (r̄ = 0.34 for larch chronologies and r̄ = 0.37 for Norway spruce), correlation between the chronologies of the two different species was low and not significant (r̄ = 0.15), suggesting a rather distinct response to environmental factors by the two species.
Moreover, all the statistical methods applied, excluding Ce19, considered tree growth as a parameter for identifying years in which growth is statistically different from the norm. Thus, they cannot distinguish between a climatically induced reduction in tree growth and a signal caused by an LBM outbreak. The synchronicity between the hatching of LBM eggs and larch needle sprouting is fundamental for the development of the larvae, and the survival of LBM eggs is negatively related to winter and early spring temperatures (Johnson et al. 2010 , Saulnier et al. 2017 ). However, low spring and summer temperatures also induce narrow rings in larch, which could be interpreted as LBM outbreaks by statistical methods. When the highlighted PYs are compared with the temperature anomaly outliers (α = 0.90), 12 out of 36 PYs (Tab. 3) correspond to particularly cold summers in the area (Brunetti et al. 2012 (Brunetti et al. , 2014 . Climatically induced PYs have also been observed in the Western Alps, where other years characterized by cold summers were reported (Rolland et al. 2001 , Battipaglia et al. 2014 . Of the 19 PYs identified as being climatically induced, 1813 and 1843 were particularly cold years (classified as outliers at 99% and 95%, respectively), and they were synchronously highlighted across all the analyzed chronologies. Beyond these years, also 1821 and 1926 were classified as cold years at 90% and both were highlighted as PYs in all chronologies as well as the more cold years (Tab. 3).
The 17 remaining statistically detected PYs (Tab. 4) that were classified as possible LBM outbreaks show high synchronicity among stands, especially between ANBO and both FUMO and PALP (Tab. 4). These chronologies share most of the ANBO highlighted PYs (six and seven out of eight, respectively), probably because the stands have a similar elevation, higher than BARC (Tab. 1). Moreover, all PYs reported for ANBO are synchronous with at least one other chronology, denoting a good synchronicity of the PYs of this stand with the LBM outbreaks highlighted in the area. A good synchronicity is observed also between FUMO and PALP, sharing six of the respectively highlighted PYs, whereas, probably due to the lower elevation, BARC present the lower synchronicity among all the considered chronologies and also the higher number of PYs highlighted in a single valley (four out of seven -Tab. 4). Most of the possible LBM outbreaks identified in this study are coherent with previous analyses, being synchronous with both weakly and strongly detected LBM outbreaks in the area (Baltensweiler & Rubli 1999 , Bünt-gen et al. 2009 , Saulnier et al. 2017 ). This synchronicity indicates that no time lag of LBM outbreaks between the stands occurred (Bjørnstad et al. 2002 , Johnson et al. 2004 . However, two of the PYs were identified for the first time in this study: 1884 (BARC, FUMO and PALP) and 1918 (ANBO, BARC and FUMO) . In the first case, a highelevation outbreak probably occurred in the area after a series of very strong outbreaks recorded during the preceding four years in nearby valleys (Büntgen et al. 2009 ). The 1918, instead, is synchronous with a weak outbreak recorded in two sites located slightly northmost in comparison to the study area. Thus, the high elevation sites act as LBM refugia before the massive outbreak that occurred in 1920, 1921 and 1923 in the area (Büntgen et al. 2009 ). Although several PYs were highlighted in the four chronologies, it is impossible to identify numerically a clear cyclicity in their occurrences. The absence of a clear cyclicity is in accordance with the recognized optimum for LBM between 1700 and 2000 m a.s.l., beyond which the outbreak occurrences tend to be sporadic and random (Baltensweiler & Rubli 1999 , Baltensweiler et al. 2008 . However, the wavelet analysis highlights the presence of significant cycles with a return period around 20-years in the first half of the 19 th century (ANBO, BARC and PALP), decreasing to around 9-years period in the second half of the 20 th century (Fig. 4) . The 20-years return period is hardly ascribable to the LBM or at least to an LBM regular cycle and is coherent with the PYs analysis results that show random intervals between outbreaks in the first half of the chronologies (Fig. 4, Tab. 3) . Nevertheless, the relevant 9-years period peaks recorded in the second half of the 20 th century, quite synchronous in all the analyzed valleys, is totally comparable with a normal LBM cycle (Baltensweiler & Rubli 294 iForest 12: 289-296
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Historical larch budmoth outbreaks in the Italian Alps 1999, Rolland et al. 2001 , Nola et al. 2006 . The presence of a return period ascribable to LBM in the last fifty years of the 20 th century within chronologies that before do not show evidence of regular population fluctuation of this insect, can be related to climatic changes affecting the area in the last two centuries, as reported in the Western Alps (Saulnier et al. 2017) . The first half of the 19 th century was characterized by low temperatures with the coldest conditions occurred around the 1850s. In fact, in the Italian Central Alps, the 1850s is identified as the period during which the last phase of the Little Ice Age (LIA) occurred. The lower temperatures could have caused the synchronicity between larch needle sprouting and LBM egg hatching at lower elevation, and thus only massive LBM outbreaks could have influenced the high-elevation stands (Johnson et al. 2010 , Saulnier et al. 2017 . After the LIA, the increasing temperatures shifted the optimum belt of the LBM toward higher elevations. This shift can explain the significant return period of almost 9 years, observed in high-elevation stand chronologies until the 1990s (Fig. 4) . Since the 1990s, the continuous increasing in mean summer temperature is considered one of the main factor that contribute to disrupt the LBM regular cycle in the Alps (Baltensweiler et al. 2008 , Johnson et al. 2010 , Saulnier et al. 2017 .
The comparison of the results provided by five different methods of PYs identification, enabled us to recognize 17 LBM outbreaks in the Central Italian Alps, 14 of which occurred before 1964. Moreover, two new outbreak years (1884 and 1918) were identified for the first time in the study region, and they corresponded to the timing of outbreaks already reported in the Eastern Alps (Baltensweiler & Rubli 1999 , Büntgen et al. 2009 ). Our results increase the knowledge about LBM population cycles at high-elevation sites in this part of the Alps. Further, they provide information that is useful for interpreting and correcting dendroclimatic reconstructions for this key area, from a climatic and glaciological point of view, and for a deeper understanding of the LBM population dynamic in the whole Alpine region.
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